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FIELD OF THE INVENlhEOK 

Tfads inventian relates iit g^Bneral to flun-fibn batteries. Mors sjieciflcally; fhe 
invention relate to a mediod fbr produdbg a cathode layer for fibin-film 
5 inicrobdieties fiavmg;a S^D'^^l^bire aod ihe^ caCbpd&s obtaBfedby sucli meitiod. 

UST OF REFERENCES ' 

The following referendes are considered to be pertinent for the purpose of 
10 nnderstanding the backgroimdof.the present: invention: 

A. Albu-Yaroii et alj 4^ SoHdFiJm^ 3 ^1-362' (2000) 223-228; 

Bates et al^ U.S, Pat^tko: ^^38.625; 

Bates et aL, U.S. Patent No. 5^67^10; 

Becker et.al., U.S. Patent 6;il4,161; 
15 J. J. Devadasanjet aL, JomsH ofOcys^ qhrawth 220 (2001)' 67-72; 

. P.FtagDaadetk,Joixr^ofPowerSlSu^S4(i'^^^ 

Laeimer et al, U.S. Patents 5,498,312 and 6,303,S12; 

I. Martin-Litas et al.. Jownal of Power Sources 97-98 (2001), 545- 547; 

Y. MSki et aL, Jonmal of Power Souices 54 (1995) 508-510; 
20 Nathan et al., U.S. Patent No. 6.197.450; 

Nama R. de Tacconi et al.. J. Pl^ Chem. (1996). ICQ. 1 8234-18239; 

R A. Ponomaiev aL, Hiin Solid Films 280 (1996) 86-89. 
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BACKCaiOlJND OF im ]^9V£NTlON 

Thare is a global race to develop inimaturized poiwer sources for 
$ applications including implanteble medical devices, remote sensors, miniature 
transmitters, smart cards, an4 MEMS (micro'eleciro-'mechanical-system) devices. 
Thin film lithium batteries :are the leading Candidas today, but the fidsting 
ptemsx tedmology has limitations such as low metgy density. 

In thin-fihn batteiy technology the battery cell c(»iq>onentB can be 
10 prepared as tiiin, e.g. 1 micron, she^ built lip in layera. The anode, the 
electrolyte and the cathode are in liie form of thin fihns. Consequently, 1fa6 anode 
Is located close to the cathode resulting in high cuzr^t density, high cell 
e£Bciehcy and redudion in the amount of reactants used 

The capacity of thin-film batteries is directly proportional to tiie area and 
IS thickness of the anode-electrolyte-catiiode layers that fonn it U.S. Patent Ko. 
6,197,450 describes a mediod to increase fbe ciqpaeity of thin-film- 
electrochemical devices by increasing the sur&ce-torvolume ratio of fbe substrate 
upon which the layered thin-film structure is deposited. This is accomplished by 
etching the battery substrate to fomi an array of variable-shaped fhrou^-holes. 
20 The use of such a substrate increases the available area for thin fihn deposition^ 
thus leading to an iacreasc in volume^ Le. capacity of the cell. U.S. Patent No. 
6,197,450 also describes a 3-dimensional (3-D) Ihin-fihn micro-battery with 
layers deposited inside the holes and on both flat sia&c&s of the substrate. 

Several studies on ca£h€>de materials have been performed to improve the 

29 electrochemical perfomiances of micrD-batteii6s used in microelectronic devices. 
Some well-known mfltedala used as the <»thode (positive electrode) in lithium-ion 
batteries are TJMxkzO^, V2Q5, LiCoQz and TIS2 whidi have been prepared in the 
form of a tiiin-film by various deposition methods. 

U.S. Patents Nos. 5^38,625 and 5,567,210 disclose a novel vanadium 

30 oxide cathode and use of physical deposition techniques such as rf ot do 
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magiietron sputteriiig for the fiihrication of thiit-film lithium cells, especially 
tfiin-fiim micro-batteries having application as backup or primaiy integrated 
power sources for electronic devices. The batteries are assembled from solid-state 
mat^als, and can be febricated directly onto a semiconductor chip, a chip 
package or a chip carrier. 

Others have disclosed methods of preparing different cathode materials. 
Fdr example, P. Fragnaud et aL disclose, a inefhod of preparing a fhin-jShn made 
of LiCoOi or LiMn204 for use as calhodes in secondaiy li&ium batteries. These 
fihns were jxtepared by chemical techniques such as C5VD (diCTiical v^ior 
dqpositian) and spray pyro^^. 

Also, L Martin-Litas has disclosed the preparation of tungsten 03Qrsulfide 
(WO^ thin fOms by reactive ladio-frequencjr magnetron sputtering. 

Preparation of polypiysialline tungstten disuifide thin film by 
elcctrodeposition on conducting glass plates in galvanostatic route was described 
by J. J. Devadasan et al. The obtamed fflm was used fer photoelectrochemical solar 
cells. 

A M0S2 cathode material for lidiium secondaay batteries was syntfaesizBd by 
Y. Miki et al. by using tiiermal decomposition of (]NH«)2M6S4 in a hydrogen gas 
flow at temperatures fiom 150 to 300-C. M0S2 thhi films -were also prepared by 
electrochemical d^osition hy reduction of tetrathiomolybdate ions, as described 
by E. A. Panomarev and A. Albu-Yaron. According to these publicstlons M0S2 
may be used for various applications such as solar cells, soUd Itifaricants and 
rediaigeable batteries. . 

A material whidi is useM in solar cells and hi potentiometric sensor devices 
is copper sulfide. Chemical sulfidisation of copper was described by N. R. de 
-Tacconi al. wh^ the fomtation of copper sulfide fihns at copper anodes was 
acconqplished in sulfide contahuhg aqueous NaOH media. 

Most of the known methods fer &e formation of ttin fihns for battery 
applications, inohidmg pJrjrsical methods as sputtering and spay pyrolysis require " 
flat sur&ces and are therefore unsuitable for "confonnal", three-dimensional (3-D) 
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stractutes in iwfaicb ihe deposited films fiave to follow a stur&ce's ccmtour. Tfaus, 
present depositicm melihods are iihaccepiably disadvantageous for £he producttoa of 
3-D Hun film batteries. ! if- 

: . I 

StOAlMARY OF If^^h^^ 
5 There is a need in i&:.kit to prdfvidB an insxpen^ve and leiadtve^ sinjUe 

( . i. • • . ■ . • • 

' method for piepaiing cafhpde thin Uoreis and be earned out at ambient 
temperatures. The present ixn^eiitioD provides a sioqde eledxodianiciBl method fiir 
the. production of cathode active materiftlis. The mediod of ^ tnv^on enable to 
foon &in fibn microbattki&s,' preferably :^-D microbattenes in ICP*etched 
10 structures, or in any olb» substtatesiwi^ Uuougb cavities of various ^pes. 

Thus, the present inv^ntioa provides according to a first aspect tiiereo^ a 
mettiodrfor prpduciirga tbth.filln c^i&bde cojtiin:ising|i , ' 

0 electrolessly dc^Kj^t^'ia-Iayer bf-aicoiubicting' material aa tbe 
sur&ce 6f a/sut^tfrt^land ' ; - 

15 OS) etecboehemically dJ^itiiig oii lOie surihce. of said layer of conducting 
matodal a cattu>de active mateajal "which cotEQjrises sulfides or 03ddes CKf 
atransitifminet^^and ipbctures of sucti sullScles and oxides. 

The layer of conducting materkt; formed in step (a) serves as current 
20 collector and is made of a metal compatible with the cathode active material such 
as Cu, Ni, Co, Fe, Au. Ag, Pd, Pt or Iheir alloys. The: oaOiode active materials 
fomiBd in step (b) arejM^(^|&<»n CuaS, liloS^ Cc^Sjj , Fc^Sy Tvfa^rejx = .1-4 and 
y=l-10, QvbQi, Mo^Qb where m»l-2, and x^l-3» WS2, and mbctures hereof. 
Hie cathode prepared by Hoq method 6f ^ inventioa may be used in higji 
2S eaergy-densily micro-electrochemical energy storage devices such as Li or Li ion 
microbatteries. According to a preferred embodiment, the insulating substrate is 
provided wiiih a plurality of thnm^ cavities of arbitrary sh^e, for example a 
^iindrical shape. Hie cavities are characterized by liaving an aspect ratio gr^rter 
than 1, more pre&iably between 2 to about SO. The miCEobatteiy coinponeiits are 
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deposhed between the cavities and throu^out the inner surface of the cavities. 

Tiie insulating or semiconducting substrate may be made &om glass, 
alumhia, semiconducting materials, cefamic materials, organic po^ymeis, 
giass-epoxar composites silicon or siUccm-containtng materials a^d the like. The 
5 thin fihn ca&ode layer jvepared by the me&od of the invention provides another 
aspect of the present mvention. The thm iihn cathode film is formed on a 
subsfarate whidi is made of an htsulafing, semiconduedng or electronically 
conducting material and is preferably provided with a plurality of throu^ 
cavities of arbhraiy shape, having an aspect ratio greater than 1. 

to BRIEF DESCRIPTION OF THE DRAWINGS 

In order to understand the invention and to see how it may be canied oot'in 

practice, a pi^Ered-embod^eiit will now be described, by way of Aon-lam^ 

exanqile onfy, with lefeeence to tlie accompai^ying di^^ 

Fig, 1 is a SEM of flirou^ cavities in the fonn of cj^lindrical holes; A- top view; 
1-5 B- ooss sectioD. 

Fig. 2 is a schematic presentation of a 3-D, thin film battery on-chip. 

Fig. 3 - SEM of a CuaS layer on a flat, silicon substrate coated with a Cu layer. 

Fig. 4- XfeD of CuzS on silicon substrate coated with a Cu layer. 

Fig. 5 -Charge-discharge curves of Li/CPE/CuaS microbatteiy at 120®C. 
20 Fig. 6-Cq>a(atylossofLi/CF!B/Cu2Smicrobattery. 

Fig. 7- SBM of M0S2 on silicon substrate covered with a Nllayer. 
• Fig, 8 -Chaige-dischaige curves of Li/HDPBMoSa microbatteiy at room 

temperature. 

Fig. 9 - Capacity loss of Li/HPE/ M0S2 microbatteiy. 
2S Fig. 10-Capacily loss of Li-ion/HPE/MoSa microbattery. 

Fig. 1 J-Charge-discharge cutve of Li/CPE/MoSz microbattery at 120*C. 

Fig. 12-Capaciiy loss of Li/CEE/MoSi microbatteay 

Fig. 13-Charge/dischaige curves of Li-i6n/HPE/CoS miorobatteiy..j: 
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b^TAILED DESCIUFTIOIM OF THE INVENTION 

Batteiy edacity is directly proportioiiai to the area and tiiickness of the 
tbin fika (anode-electtolyte-caOiodB) kyecs, which finm it. An increase in the 
s sux&ce-to-volQme ratio of the substrate ligpon whidi the layered thin-fifan 
stmcture is deposited voBy be achieved by, for eacample^ etdiing ihe substrate (say 
silicon) to &nn an amy of tiurough-holes (cavities) of various shapes, by various 
diy etching techniques. New etching technologic, such as the hoductitve Coupled 
Plasma (ICP) Bosch process, (see US Patents 5,498,312 and 6,303.512 to 
10 Laenner, and 6,214,161 to Becker etal.,) can etch structures with vety high 
aspect (height-to-wdtii) ratios, for etcample holes with a diameter of between 4 to 
200 pin, through a Si substrate having a thickness of betweon 20 to 500 |jm. If 
batteiy tri-layer film structoriss can he deposited confoimally (i.e. following the 
contour of the suibstrate) into these holes, providing conUnyity from one ^de of 
IS the substrate to the other, a 3-D structure is foimed, and the film area (and 
volume) and consequently the batteiy capacity per unit vohune of tiie substrate is 
increased significantly. Fori ^cample, for a hole with diameter d in a wafer of 
thickness h (aspect ratio » h/d),, the ratio k of surface area after etching to &e 
origuial, '^planaf state is 21i/cl.- Boar a square cavity with side a in the same wa:^, 
20 ks^ih/a. Thus, for a typical waSar with h= 400pm staid dor a '^'ISfi^ 

in area is k=S3, wluie fox dBlOion, le^. This means a theoretical increase in 
capacity to about 10,000 uAhper 1 as^. 

For complete assemblnig of a microbatt^, a few layers must be deposited 
sequentially and ccmfonnally on the silicon substrate: current collectars^ 
25 electroactfve materials (cadiode and anode) and an ion-conductivd' sqiarator. 

A. Substrate preparatloii 

A silicon substrate containing arra^ of tlirough-Iioles was prepared using 
phototifhograjd^ and deep reactive ion etiditngCDIU^ The 3'' silicon vrafarvm 
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double poliahed, (100) oriailiE^iim. wife a fhlckness of iboiit 440 pm. The wafer 
was coated on one side wIiIbI i*piit 1 1 pjn of AZ - 4562 photoresist; and air^s of 
square holes with a side d&ia^Qzi of 80 ym and int^hole spaKdng of about 220 

were defined. The sequence of photolithogr^hy steps includes: 

• .■ • 

1. Dehydration hake lp| t wafeis aftd: cleanitig - 2niin. at the 
temperature 110«C;dn4 hot plat^i.i . 

2. Dispensing photoresist ajad spiriifihg at about 1400 RFM for 30 
seconds, V j'I.',-' 

10 3. Solvent removal bake' afe liiO"C for i mfaL on & hot plate. 

4. Exposure fisr between 17 to 22 seconds in a mask aligner, 

5. Developing for 4-6 mmutes in AZ-726 developer, and 

6. mxA bake at 1 fbiji minutes on the hot plate; 

15 After photolithography, holes were etched usmg DklE in a Plasma -Themi 

SLR 770 ICP system using a standard Bosdi process. 

Kg. lA shovra the SEM micrograph of a poforated sificoii substrate, from 
top view, while Fig. IB shows tiie SfiM iniorogr^ of the cross section of same 
substrate. As can be seen from Hib image; through cylmdtical channels of about 

20 4Qmm diameter are obtamed by the ICP etchiqg method. 
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B* DeposWoii of layers 

There are two optional configarations of the high surfiuse area, 
5 3-diinensional "aa-cMp" mictobattoy (3D-MB)- liie first one (3D-MB-1), in 
which Ihe caithode material is deposited direcUy onto Hie silicon surface, and the 
second (3D-MB-2), as described in U.S. Patent No. 6,197,450, incorporated 
herein by reference , where the anode material (lifhiiim or carbon) is m eleclronic 
contact with the substrate. In the latter case an additional k^er between Si and C 
U or Li must be created m order to elimmate mtercalation of Li-ions into the bulk of 
silicon at low voltage. Hg; 2 shows the 3D-MB-2 concept. 

0ne exanqtte for a &hi film cathode deposited dcctaiffiflgno Ihe metJrod of 
the present invention is that of copper sulfide. The silicon substrate was pretxeated 

ts m solutions of H20(5):H202(1):NH40H(1). H2O (6)dE[202(l)-JiCl(l) at T= 80 - 
100 »C and in isopropanol, for removing oxides and organic contaminations. The 

. sample was fbrther wet-etched in a strong basic sohMon. rinsed in water and 
unmediately immersed m a Pd-contaming solution for hicreasing of cettiiy^o 
activity of the silicon sabsiiate surfece. Blecticoless deposition of copper on &e 

20 siUcon subshrates was canied out in a CuSO^/HCJOH solution and resulted in a 
unifinm copper Itrin fUm of 500-700 Um. Coppeivdeposited sllicpti samples were 
unmersed into an electrolyte sohition contaimng Cu^ ions and surfactant 
materials. Elecltochemical copper deposition was carried out at constant current 
density (20-50 mA/cm^) for a few mhmtes. A thicker l^er (5-20 micron) of 

25 copper was formed on these silicon samples. This layer serves as the ouitent 
coUector layer. Copper-deposited siHcon substrates were hitcoduced at room 
temperature into an aqueous solution of po^sulfides Onixtare of lOmM Na^S, 
O.lMNaOH and elemental suiftar) and electrooxidized at a constant current of 0.1 
mA/cm -0.5 mA/an for a few seconds. As a result, a thin (1-3 micron) cathode 

30 layer of ocystalUne (verified by XRD) CujS was formed on the copper-coated 



silicon. The copper electrode was cathodically polarized prior to CuaS film growfh 
• to reduce any residual oxide layer. 

Big. 3 shows the SEM cross-rsectionaJ view of the copper sulfide 1^ 
deposited onto copper coated smcoa wafer. Tlie aadc between Cu and a^S 
5 layers, seen in Ae lower part of Has image, is caused by quenching in liquid 
nitrogen, which was used for eros&^ection cutting of the cathode. 

the powder XRD analysis of the as-deposited films (Fig.4) on siUcon 
. revealed ciystaUographic peaks bclongmg to the deposited Cu layer and CU2S. 

Charge/discharge curves of ihe CuaS/cpmposite polymer electrolyte/Uthium 
10 battery operating at 120*'C and current density of SOmA/ooL^ is represented by 
wllh weU-pronounced plateau at about 2.1V (Pig.5). The oapadtjr loss of tibe 
battery is about lA%/cycle, as showed in Flg.6. 

Another example of a cathode fmts^ uisfai^ fiie m^6d of the present 
mvenflon includes a thin fihn cathode of MoSa obtained by cathodic reduction. A 
1^ silicon substrate, electoolessly coated with a thm fihn of nickel (having a thickness 
of 200-300 nm) which serves as the current collector layer, was immersed into a 
solution containing MoS4^ ions. The formation of an ultra thin fihn (300-600 mn) 
of M0S2 was accomplished by eleclrorednction of MoS4^' ions on nickel-coated 
silicon samples at a constant current density of 10-15 mA/cm^. 
20 Fig. 7 shows a SEM micrograph of the cross-section of a cathode 

deposited on a nickel-coated sUicc^ substrate. A comp|ic(, hi^ adherv^xt fihn of 
ibout300to600mn-tfaickisbuilt. The powder XRD analysis of the as-deposited 
fihn on nickel revealed orys^ogr^hic peaks belon^g to the nickel substrate 
alone. This m^ indicate the formation of mahdy amorphous M0S2 deposits. 

The next step hi the formation of a miorobatteiy accordhig to the present 
hivention is the deposition' of an ioii conductive electrolyte on the 
already-deposited cathode layer. This was achieved by castmg a soluble polymer 
mixture directly onto the cadiode. Two types of conductive Sepaiatore have ijeen 
30 »»ed. The first i^aconq)osite polymer electrotyte based on poMethylene oxide). 
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' a Hthitixn salt such as littiiiim iodide, lithium triflttoroinethanesulfoiiate, lithium 
tdfluoromethanesulfoii^c^e^^ bis^xalo^oratd, etc. and alumina ot silica 

nanoparticles. The se(»>nd''i^ie$:< is |a so called hybrid gel-polymer electrolyte 
(HPB) based on a nanopoi^iiiit nimb^ floiiride) soaked 

5 with a lithhim saU {LiPJ^^i'^f Li-Imi4e3 dispolved iii the EC:DEC (ethylene 
. carbonate : di6ll^lcdrboin^):;ielectrol^^ as: digl^vie (DG), 

* tetraglyme (TGX poIye%l^^ glydpl dixnkbyl ether (pjEGDME, MW-SOO) can be 
used in HPEs as w£iU/ M^,; 9 ishoWs cWge-dischaige curv^ of 

Li/HPE/MoOySz cell, witli^tiie /e^ode diBposited on a nickel substraie. The cell 
ID was ^cled at loom temperiaSare: and id=^lh~io uA/&n\ The sloping character of 
the curves is ^j^c^ to in^eition/de-kisetlion process into a single^phase- hOst 
material according to fte foUowidg reacts 

It is to be emphasized Ufat . up' to ien-fbld increase in the ciirrent density did 

IS not influ^ce botibi'the shape of the curves (curve'b, in. comparison to curve a), 
and the degradation rate. Abbpt ,018 and ^-6 mole atoms of lithium was reversibty 
intercalated at low andvhigh cbx^nt density, respectiv^]^. The cy'cle utilization 
of the cadiode acthrd 'WteridI approached 85%. The. Li/HPE/MoCySz cell ran 
over 1000 successive csydes Wjtb;0.0S9^(9cle capacity, loss and 100% Faiadaic 

210 efficient, as showed in F3^! 9. Fig. 10, $iiows the plots of capadty loss and 
chaxgmg efficiotcy of the Li-ion/HFB/ M0S3 cell with ttie cadiQde djeposlted On 
nicIoBl coated silicon substrate. Ihe cell was cycled at room temperature and 100 
pA/cm^ rate. As canlbe see^lfrom tiie Fi^ IQ^ similarly to tiiie previous case, 
during more tiian 1000 reversible 100%DOD cycles die degradation rate did not 

25 exceed O.OS%/cycle and tiie Faradaic efficiency Was close to 100%. 
Charge/discharge of Li/LiImideiPCEO)2oECi 12% (v/v) AI2Q3/M0S2 cell was 
carried out at llS^C (Fig.ll). .While die same chaige-disdiaige mechanism has 
been 6aq)ected in tiiis eledrochcnucal system, the degradation degree in 
■ LUCPB/Mo&i cell was higher than in HP&oonsisting battery: 0.5%/cycl6 

30 (F^12). This may be raosed by poor corttacts and insufBdent ionic mabOily in 
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the aU-solid'State battery. Noiewor&y, that bo self-discharge ivas detected in all 
the Li/MoS2 cells under investigation. Slow overdischarge to 0.2V does not affect 
the subsequent cycling behavior of the U/MoS^ batteries. 

tn order to improve the performance characferistics of a battery, it is 
s known in ifae art to fonn a protective layer on cadiodes* Such modification 
involve the coating of pyiite particles by a very tiiin ion^conductive protective 
film, knoWQ as tiie solid electrolyte interphase (SEE). The fonnadon of SBI on 
cathodes provides protection to the ca&ode active material in fully charged 
. and/or fully discharged states and improves the performance characteristics of the 
to battery. For high performance characteristics of lithium and Li-ion battery &e 
SEI must be die electronic resistor and ioiuc ccmductor. A novel use of this 
technique is described m the present invention^ according to which a SEI is biult 
in skii as a soHd icm-conducHng eleefarolyte in 3D-mi6robatteries« The SEE is 
electrochemically formed by overdischarge of the cell during 1^ and possibly few 
IS foUov^g cycles. This procedure may be carried out during electrodiemical 
lithiation of graphite in Li-ton batteries 

For a lithium battery, a metallic lilhitim electrode was used as anode 
material. For lithium-ion applications, additional casting of lithiated graphite 
particles with polymer used as a binder is needed. Alternatively, there is a 
ip possibility to make a mi(^obattery in a slightly different way, when the layer 
deposited on the cunent collector is the anode and not the cathode. This can be 
done by decttochemical deposition of an anode material such as Soi^by onto 
first lay» of cutr^ collectot, ox by chemical vapor d^ositioa of a carbonaceous 
precursor on. nickel -deposited silicon (a nickel coating would act also as a 
Tifi catalyst), with successive formation of a soft carbon that can be used fiirtfaar as an 
anode for litiutim-ion batteries. 

For the tibire&>dimensional batteries of both 3D-MB-1 structure, (in which 
the cathode material is deposited dnectfy onto the substrate surface), and ibo 
3D-MB-2 structure (vifb&co Hkt anode material is in electronic contact witti ifae 
30 substrate) the filling of cyUndrical holes of the perforated silicon 1^ HHB and 



; • ! • 

-12- 

' litbiatedgi^hite can be peifoimed by spinning 
* Microbatterv Perfbnnance 

5 Bxamples of Ifae perfonnance of microbatterles invoividg fbese 

etectxocbemically deposited cathodes include tkst of a planar liiin film Li/copper 
sulfide-on silicon battery cycled with solid polymer and gd electrolyte at 120^C 

I 

, and at room temperature. The degree of degradation of both cells was in liie range . 

of 1.5-2.5 %/cyole. The capacity loss of a Li/solid polymer electroj^^mixed 
lb cobalt cathode cell was about 3%/cycie. Ano&er example includes a planar Icm^ 

U/gel polymer electrolyte/molibdeijium sulfide cell that went ifaroiigh over 1000 
: reversible cycles with a capacity loss of less than 0.1%/(^cle at room 
. temperature. 3D lirion/HPE/Mo^ battery went o^er 5D reversible cycles ^ifa 

capacity loss about 0.5%/cycie! 
IS ftficrobatterl» routinely go more than 100 cycles. The thin-film CuzS/Li 

battery can operate both at room temperature and at moderate ten^erature 

120OC. The cell delivers i rec^geable capacity of 160 mAh/g with a flat 

potential plateau at ca. 1 .6y vs. lA/Lt. 

s 

2£b EXAMPI£S 
]Example 1 

A secondary electroclieiiucal ceU, consisting of a lithium anode, l^rbrid 
is polymer elecholyte and M0S2 cathode on silicon substrate was assercibled. 

In order to remove organic and metallic residues. His silicon substrate was 
unmersed into mixture solution of H202: NH4OH £ar S min at 70 C and washed 
in deionized water with successive knrnersiott into 1^02: HCl mixture for another 
5 min. After rinshig hi deiafiized water fte substrate was etched in NH4F: HP 
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5 ..?rV;i.-j r. 

■ solution for 2 injii/'Mfeb;?iirfeM-^^^^^^ jwas acsoomplished in 

PdCl2ilCl:HF:CEl3CbbH 's||^|ii'8t roi^m tBnftperatare'fdr 2 min. 

A 0.3p?n thick cafliode^l^Vas, prepared by reduction txfMsl&t ions on idckd 

coated siUcon substote it |^|^^ Qt^ent deosiV .ot 10-15 ipA/raii*. Nidcel 
s deposition was carried pi^|^|)4:ll^^ 

^ pH«4 and eA otoyal^^ for a few minutes. The 

fliidcness of depo^'is i fiini^iMjinifi ?pQ4c?n te vari^ 

Deposition of ISIo^l^^^f (?iiied>|C^ 6oin aqpiedios solution of 0.05M 
: tetraAiomolybdate. Potas^iiii;jdiiaide (0.1 was lie supporting electro^, 
lb Electrodepo^onwascainfia^pk-atioQ^ 

: accomplished under caa^ iaitent "^ity of 10 nsA/cm? for 4 min. The 
deposited samples were thi^^Uglily rinsfed in daomzed water and vacuwn-dried 
atdevated temperaturei. .ij ; ' . 

SEM micrographs ^^ig. 1) reveal that the ^hns deposited at room 
15 temperatiTO are fiuriy/con^ijuous without. ^ cracks. EDS measurements 
sh0wed 1:2 Mb:S ;atio. XI'S data suppotted;fhis composition. Hie films were 
X-wy transparent, in(ficatin]g Imdrphous sinicture ofMoSi; 

The chosen poiynwr fi^r Jtyhkd >>l5m[ier electrolyte (UPB) is commerdally 
available PVDF-280i:'copoI:^er (Kynar)l "ihe PVDF powder Was disscdved hi 
io hi^-puriiy cyclopenian0nfi (Aldiich). Fumed silica 130 (Degussa) and piK^lene 
carbonate CPC, Merdc), amilar to the BeUcore process, were added and fte mixtee 
was stirred at room temperahire for about 24 hours to get homogeneous starry. 
After confide dissoludonj sluny was cast on Ihe Teflon support and spread 
• wifliflMuseof lhedoi5tor*iiidetBchnique.^fe 

35 fibn was flien covered iwlh a box inerced wilii holes that allowed a slow 
evaporation of the cydqpentanone. After complete evqwration of fte 
cyclopentanone, a 13inm diameter disc was cut fiom the polymer memteane. It was 
soaked in Lihnide-based electrotyte for 4S hours, in order to ensure a complete 
exchange of ihe PC by electrolyte, at least three fiesh portions of electrolyte were 




used tor each soaking. Liliiiid&<efhylene carbonate (EC):dimel!hyl caibooate 
(DMC) 1 : 1 (vAr) based electcolytes were stoied in a ^ove box with Li chips. 

The Li/HPE/MbS2 cells weap cyded at toom teo^eicatuie using a Itifoccoir 
sezies 2000 batiiny tost system. Tb» voltage cut-off ivas 13 to 2.4 V. 
•s chaige/disdiaigecQireDt density- lO-lOOfxAAmi^ The 

above 20 ^Ah per <^cle at lOO^cm^.^ig. 9) finr over 1000 leveiBlble farcies -wiOi 
the capacity fiule df 0.05 %/cycle. The Farodaic efficiency was close to 100%. 

Bacample 2 

(0 A Li/conq}Osite polymer eledxolyte (CPByMbSz battery was assembled. 

The ca&ode was prepared as in Examqile L 

A SO ^ ihick film composite polymer electrolyte with a ooinpo^on of 
Ulmide) FCEO>2d ECi 9% v/v AbOs was piqrared ^Gram 45 mg Lilmide^ 300 mg 
P(EO), 30 mg EC and 100 mg-AlaOs. 

15 

Poly(efcyleiie osdde) CP(EO)) was purchased fiom Aldrich, (average 
molecular weight 5x10* ) and was vacuum dried at 45 to 50 «C for about 24 hours. 
= A pofetoerslmiy was prepared by dispersing known quarrtities of P Lihrnde, 
and ethylene carbonate (EC) in analytical grade acetonitcile, together widi the 
20 required amount of an inozgaedc filler, such as AI2O3 (Buebler) with an aveiage 
diameter of about 15QA.TbensurBlhefi)nuation<Mrahamogen60USSi]&pensiO!n,an 
; ultrasonic bath or hi|^-£gpeed bomogeni:»r was used. The suspem^ Btined 
■ fiff about 24 hous befioe the PB fifans were cast on the fine polished Ibfioa 
support (64 cm area). The sojvent was allowed to evaporate slowly and then tiie 
25 fihns were vacuum djded at 120 *C for at least 5 hours. The final Ihidcness of ttie 
• sohrent-freePE fihns was between 30 to 50 Jim thick. 

The Li/con^Qsite polym&c electrotyto (CP£)/MdS2 battery was cycled at 
120-C and current density 50 fijA/cm^ The voltage Ctttolf on discharge was 1.1 V. 
The vohage cutoff on charge was 2.2 V CPjg.ll). The cell went through over 40 
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teversible (^les (100^ DidibX and the degree of degradation did not exceed 0.S 
Wcycle.CPig,12). 

5 Examples 

AXii/CFB/Ou^bdl'widial pm^dcfUmcQnq>Qsitecaliiodei»^prq}ar^ 
and assembled as described in Example 1, starting with the following starting 
materials: 33 mg Lil, 216 mg P(EO), 41 mg EC, lOOn^g AfcOa . 100% Dense CuaS 
cathode was prepared by anodic oxidation of nietallic copper layer electrodeposited 

10 on fhe electroless cqppoi: Tlie. silicon substrate was pr^xeated in Solutions of HzO 
(5)«i02(l):NH40H{l). IfeO (<5)^Qa(l)dHCl(l) at 80 -100 and in 
isopacopanol, Ibr removing oxides and tngamc' contaminations. The sample was 
furflier web-etched- in a stcooig basic sbtotion^ rinsed in 'water and immediate^ 
immersed in a Pd-coniainiiig solution 'for inoreashig of catalytic activity of the 

IS silic(»i substrate sur&ce. Thd solution for electrol^ copper deposition consisted of 

• (g/L): 10-15 CUSO4X5H2O, 10-15 NaOH. 2-3 NiClsjdfeO, OlOOl N^Og, 
. 15-25mL/L HCOH (37%) 

The electrolyte for copper electrodeposition contained (g^L): 200-250 
CaS04xSH20 and 50-60 HzS04. The electrod€pos}tion was pedoansd at room 
:^ temperature and current density of SO mA/caac? for 8 tnin. This copper l^er was 
dectrooxidised in an aquebnis. solution of polysulfides (mixturo of lOmM Na2S» 
O.lMNaOH and elemental sidfur) at a constant current of 0»1 mA/(»n^-0.5 mA/cm^ 

• for a few seconds. SEM rpicr^igraph of the ^coh-c6pper-cqpper sulfide layers is 
shown in Fig. 3. XRD data af^rm the obtaining of CuiS compound Q^ig.4). 

25 The U/CfOB/CusS cell went through over SO reversible cycles, and the 

degi:ee of degiadation did not exceed 1,5 %/Gycle. (Pigs. 5, ^. 



£xample4 : ij-i 

« ; \ : ' . i ■ • . 

: M • 

A Li^BDPE/Ci^S cell tvioi a 1 pjn ibidc film caOiode iwas ptcapaxed and 
assembled as described inSxan^les 2 and 3. The cell went tfaraii^ over reversible 
5 120 cycles (100% DOD), \vi^l^^^^gree of degradation being 0.8 9i/Gycle. 
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A Li/CPEAVS2 celli\wi1h a 0.4 uin thick iShn conmosite cathode xras 

=• i • i ^ : • 

10 prepared as dracribed in ]E£Kan^. 2. Ihe cdli went tfaroi^ oiver 135 tevorsible 
<^les (100% DOD>» and &e idbgrefe of deigradation did not exceed 0.2 %/cyde 

Examide 6 i 

i;s A Li/CPE/CuiS cell witii a 2 pjn tiuck film conmosite cathode -with a Li2S$ 

to Lil xatio - 1 : 0^5 was asseidiblBd as described in Example 3. The Li/CFB/ CujS 
cell was cycled for over 40 (1 p0%.DOD) cycles. 

• » 

Example? i - ,:j 

20 A Ii/CPB/Cab(Sy cell 03 pm ^ck fihn composite catiiode with a 

was assembled as described in Bmnple 3. 100% dense CoxSy oadiode \ras 
prepared fay electrochemical oxidatioo of metallic Co in the sohxtion of 
> polysulfides. The Li/CPB/ ^.Q,E$y cell was cycle4 for. over 30 (100% X>OD) cycles 
• (Fig. 13). ' , 

25 

KicampleS 

A Iithium-ion/MoSc2 cell with a 0.S pm fluck film cadiode and hybrid 
po^er electrode was pr^Moed according to the procedure of Bxanqile 1. The 
HPE casting was performed onto co&ode dejiosited silicom. The lilhiation of 
30 graphite powder was carried out as follows: 
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1. Polymer binder (polystyrene) was disssolved in totuene. After 
dissoluti(»d, gciqphite powdex (of ^ limicrcoiTin aveacage peurtiole size) was added 
to the ndxture. The resulted slmiy was spread on cqpper cuooot collector by 
doctor blade. 2. This electrode was vacuum dried and assmbled wiHi lifhium and 
5 ion-conductive separator (Celgard soaked in IM LiPF6 BC:DEC 1:1 vAr) in 
cells. 3. After few successive cycles, the cells were disassooobled and liddated 
electrode was rinsed in DMC and vacuum dried. 

The iithiated graphite eleciorodes were used as anodes in Li-ion/BPE/MoSz 
on- silicon battery. The battety was reversibly oharged-discharged for over than 
lio 1000 cycles with CEqsacity loss of 0.06%/cycle. The Faradaic efficiency was close 
'. to 100 %. The batteiy delivered about 10 ^Ah per (^cle (Fig.lO). 

A 3D-lithium-ion/MbS2 cell with a 0.3 yim thick fihn cathode and hybrid 
15 polymer electrolyte was prepared according to the procedure of Examples 1 and 
8. The electrodeposition was carried out in 0.05M tetrathiomofybdate electrolyte. 
Lithiated graphite (see Example 8) was pilled off from the copp&r electrode and 
introduced into toluene solution. Few hours of stirring ir^ulted in homogenous 
mbcture of lithiated gn^hite md binder in tohiene. The filling of cylmdrical holes 
io of the perforated silicon by HPE and lithiated grqpiute was perfatmed by 
spuming. The battery was xeversibly dbargcd-discharged for 50 cycles and 
delivered 35 pAh per cycle. The Faradaic efficiency was close to 1 00 %. 
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; CLAIMS: 

1. A method for producing a ]^ fOm cathode comprising: 

(a) electrolessly/lidepositmg a layer of a conducting 
material on fhe surfkce pf a substrate, aiid 
8 (b) elec1XQch^(ps% finming on the sur&ce of said layer of 

conducting matepdf : a cafhodb material which comprises sulfides or 
oxides of a transition ihetal an4 mixtures of such sulfides and oxides. 

2. A method according to claim 1^ said bathode being used in a high energy- 
density micro-electrochemicalteiiergy storage celL 

lb 3. A method according to: cl^ ^» wherem said micro-electrochemical energy 

storage cell is a Li or I^i ionixxiicrobattecy . 
' 4« A method according to cla^ 1 wherom said subslrate is provided with a 

plurality of through cavities bjTarbitraxy shape, having an aspect ratio greater than 

1 and said cathode material i5!deposited between said cavities and throughoat the 
IS inner surface of said oavitie^::: . . 

5. A method according to claimi 4, wherein the through cavities of the substrate 

have an aspect ratio of betw^n 2 to about SO. ' 

6« A method according to e)aimi4^ wherein said cavities have a cylindrical 
geometiy. ' ^ [ a, \ 
io 7. A metbod according to Claim 1 wheretn said substrate is selected fiom fhe 
group consistiiig fiom glass, alumina, semiconductor materials, ceramic 
materials, organic pQfyma:jsij:|iO!rgamc pol;ym^ and. g![ass-e{}0!iy composite. 
8. A method according to blaim 7, wh^ciu said semiconductor m ateH^l is 
silicon^ 

25 9. A meibod according to Claim 1, ^^vherein said Iay» of cmiducting material 
formed in step (a) is conipatible vriXb. the cathode active material, and selected 
fiom Cu, Ni, Co, Fe^ Au, Ag, Pd, i*t and tfa^ aUcjys 

10. A method according to Claim 1, vibeieSn said cathode tuifttwrifllff are selected 
fiom CujS, MdS2, CpxSy where x » 1-4 and y=l-10, CoknOn where iff=»l-2 and 
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n-l-3, WS2, and mixtures tbereof. 

11. A tiiinfUm cathode layerbeingprepaied by the method of cl^^ 

12. A tbin film cathode lay«t being prepared by ifae mefhod of Claim 1 on a 
substrate pzovided 'Witii a plurality of thro«^ cavities of atbitraiy sh^^ having 

5 an aspect ratio greater than 1 and said caOiode layer b^ngdeposntedbe^ 
caviti^ and ftiroughdiit the inner sur^e of said cavities. 

13. A microbatteiy comprising the cathode of claim 1 1. 

14. A self-powered semiconductor component comprisuig a microbattery 
according to claim 13. 
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ABSTRACT 

The pi^eaot invention provide a mefhod fx producing a fiun film cafhode. 
The mefhod comprises the steps of electxolessly depositing a lay&t of a conducting 

is material on the sur&ce of a sub^rate» and electrochemically depositing oh the 
sur&ce of said layer of condiictiQg material a caAodB active material which 
comprises sulfides or oxides of a trahsitioh metal aild nuxtures of su<^ 
oxideB. The calbode prepared iby the me&od of ^ Javention may be used in high 

• eneigy-densiiy micxo-dtectrocheinical energy storage de^dces such as Li or li ion 

jo microbatiieri^. Aocoi^&ig to a lodQared anbodiment, tibe insulating siibstrate is 
provided tvith a pluraHiy of through cavities of arbitxaiy ^bapo, far exairple a 

' cylindrical shape. 
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3D-Mici^dbatterv concept 
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degradation rate is 0.5% per cycle 
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